Abstract: Environment hazards and risks of engineered NanoParticles (NPs) have been debated in recent years. In this paper, the effects of silver (Ag) and carbon (C) NPs were explored in sea urchin Paracentrotus lividus (P. lividus) development. Fertilization and development of P. lividus up to the pluteus stage were assayed in the presence of increasing amounts of NPs. The embryotoxicity test performed on sea urchin P. lividus, from fertilization until the larva stage, revealed that both AgNPs and CNPs were embryotoxic since they caused embryo malformations and alteration of the normal progression through the development stages. Embryonic development was slowed down by AgNPs and sped up by CNPs. Interestingly, AgNPs-induced malformations led embryos to die in a concentration-dependent manner; while embryos bearing CNPs-induced malformations survived for a longer time.
Introduction
In recent years, nanostructured materials have drawn a lot of attention due to their unique physical and chemical properties, such as optical properties [1] , chemical stability [2] and catalytic activity [3] , which largely differ from their bulk properties. Materials in the range 10-100 nm may approach the length scale at which some specific physical or chemical interactions with their environment can occur [4] . Due to the extremely small size, nanomaterials possess extremely high surface area to volume ratio which renders them highly reactive. High reactivity could potentially lead to toxicity due to harmful interactions of nanomaterials with biological systems and with the environment [5] . Although the industrial applications of NPs are increasing daily, up to now an insufficient attention has been paid to the possible environmental effects, occupational health and safety concerns in workplaces where these particles are manufactured and used. In addition, the consideration and attention about the possible health effects on the entire population cannot be considered adequate.
NPs are inevitably released into the soil and waterways and eventually reach the sea from different sources and by different routes, which can affect their chemical nature and, consequently, their fate, behaviour and toxicity [6] . Information on the actual release of NPs into the environment are limited [3] . Evidence of TiO 2 NPs water contamination has been observed [7] , and accumulation and agglomeration of AgNPs can be expected in seawater [8] . In particular, the NPs potential impacts on the marine environment pose serious questions about the risks of exposure for wildlife. In fact, the behaviour of NPs inside the cells and/or organisms is still an enigma, and no metabolic and immunological responses induced by these particles are understood so far. Nanotoxicology is nowadays taking up the challenge to decipher the molecular events that regulate bioaccumulation and toxicity of NPs [9] .
Carbon or silver-based nanostructures have a high potential for application. Nano-carbon could be employed in many applications that span disciplines including nano-electronics, composite materials, energy research, and biomedicine [10] [11] [12] [13] . Likewise, nano-silver is used in an increasing number of products, that recently gained much popularity owing to the broad spectrum of antimicrobial activity [14] . However, to date little is known about their putative detrimental effects on plants, environment and animals, by including humans.
To assess the potential risk on marine wildlife, it is extremely important to study the possible effects of NPs on embryos, since they are the most sensitive stage in the life cycle. Indeed, since embryos are particularly sensitive to low level environmental pollution, they represent widely used animal models to test environmental pollutants of various chemical nature [15] . Among the animals, the sea urchin P. lividus is the suitable model for assessments of seawater quality [16] , ecology [17] , development biology [18] , embryology, and biomineralization processes [19] .
In this work we have studied the effect of two types of NPs, i.e., AgNPs and CNPs, on the development of sea urchin P. lividus, with the aim to verify if and how the toxicity is related to the two NPs types (Ag or C) and to their amount. Both NPs were prepared by using the so-called green chemistry, in order to avoid any adverse effects of the conventional chemical synthesis.
Results

Physical characterization of AgNPs
The UV-visible absorbance spectra of AgNPs in β-Dglucose water solution monitored for 20 days are shown in Figure 1 . A strong extinction band with a maximum at 420 nm, characteristic absorption wavelength of spheroidal AgNPs, was observed without significant changes/ shifts in the position of the observed extinction band, and a very slow decrease in the absorbance intensity during 20 days (Figure 1 ). In case of particles that become larger/ smaller the absorption maximum is expected to shift to longer/shorter wavelengths, with a corresponding peak broadening/narrowing. Thus AgNPs can be considered relatively stable in a β-D-glucose water solution. In general, as the particles become larger the absorption maximum shifts to longer wavelengths and the peaks broaden.
Ultrastructure of freshly-prepared AgNPs is shown in the Transmission Electron Microscope (TEM) micrographs of Figure 2 (A-C). NPs have a size distribution ranging from 20 to 40 nm and an average diameter of 30 ± 5 nm (inset of Figure 2A ). They were mostly well-dispersed (Figure 2A) , with a spheroidal shape ( Figure 2B ), and exhibit a crystalline nature ( Figure 2C ).
UV-visible absorbance spectra of AgNPs diluted at different amounts in Millipore (Merck Millipore Headquarters, Billerica, MA, USA) filtered (cellulose acetate filter with a porosity of 0. Figure 3 ). The highest concentration of AgNPs in MFSW is stable for 5 days, time that is much longer than the duration of experiments (Figure 4 ). In fact, the synthesis procedure, i.e., AgNPs with a saccharide corona, allowed to obtain AgNPs stable enough for the entire duration of the experiments (Figure 4 ). The fact that the peak of the plasmon resonance is always observed at 420 nm indicates no changes in the AgNPs size. By analysing the entire absorption spectra (from 300 to 800 nm), a gradual increase of absorbance values at higher wavelengths is observed with a hump at 600 nm.
Physical characterization of CNPs
The UV-visible absorbance spectra of CNPs in water monitored for 20 days are shown in Figure 5 . CNPs were more stable than AgNPs during 20 days, as suggested by the lack of significant changes of extinction band with a maximum absorption wavelength at 260 nm, characteristic of CNPs. Figure 6 shows a TEM micrograph of CNPs, which appear to be well dispersed. The TEM images processing revealed that CNPs had a size distribution ranging from 2 to 12 nm and an average diameter of 7 ± 2 nm ( Figure 7A ). The Raman spectrum of CNPs ( Figure 7B ) shows the characteristic G and D peaks, at 1584 and 1357 cm -1 respectively, with the shapes typical of low dimensional carbon structures, with sp 2 hybridization [20] . In particular, the presence of a low range order determines the D peak at 1357 cm -1 [21, 22] . The Raman measurements performed onto freshly prepared 
AgNPs embryotoxicity on sea urchin P. lividus
The characteristic events of fertilization and development stages in sea urchin P. lividus were observed up to the formation of pluteus larva. The lifting of the membrane, index of fertilization, was observed in the control after 10 min (Figure 9 ). The addition of AgNPs to the gametes during fertilization provoked perturbation to the normal lifting of the membrane. The formation of the Fertilization Membrane (FM) was still normal after the addition of 0.3×10 13 AgNPs to 500 cm 3 of MFSW, but not with 1.5×10 13 AgNPs/500 cm 3 of MFSW, when an irregular FM was observed ( Figure 9 ). Higher amount of AgNPs (15×10 13 AgNPs/500 cm 3 of MFSW) greatly altered the lifting of the FM (Figure 9) .
After 2 h of incubation, in control embryos, two symmetric blastomeres were observed, while in the AgNPstreated asymmetric divisions led to the formation of unequal blastomeres ( Figure 9 ). In particular, at lower amount (0.3×10 13 AgNPs/500 cm 3 of MFSW), the concomitant presence of two symmetric blastomers and blastulae formed by four irregular blastomers could be seen ( Figure 9 ). The adverse effects of AgNPs were even more evident with higher amounts of AgNPs ( Figure 10 ): 1.5×10 13 AgNPs /500 cm 3 of MFSW provoked the production of asymmetric blastomers, as soon as at the first cleavage and many zygotes were not yet in division; cleavage was impeded when 15×10 13 AgNPs were added to 500 cm 3 of MFSW ( Figure 9) . Thereafter, the mitotic divisions continued regularly in the control and, after 4 h, four symmetric blastomeres could be observed ( Figure 9) . Conversely, the embryos in the presence of AgNPs developed irregularly. In particular, in presence of 0.3×10 13 AgNPs/500 cm 3 of MFSW, four or more asymmetric blastomeres were observed ( Figure 9 ). The toxic effect depended on AgNPs amounts: incubation with 1.5×10 13 AgNPs/500 cm 3 of MFSW caused mainly the increment of asymmetric divisions, and to a lesser extent the lack of cleavage; 15×10 13 AgNPs/500 cm 3 of MFSW abrogated divisions and abnormal protrusions as division attempts were observed ( Figure 9 ). Embryogenesis continued until the regular formation of the ciliated blastula stage after 18 h from fertilization in control, while in the embryos treated with the three different AgNPs amounts only asymmetric divisions occurred ( Figure 9 ).
The regular development to the stage of epigastrula (24 h after fertilization) and finally to the stage of pluteus larva (72 h after fertilization) was observed only in control embryos (Figure 9 ). The larva pluteus had a triangular shape, four regular arms and a clearly visible gut. Instead, all the AgNPs amounts hampered the regular development of embryos (Figure 9 ). Interestingly, asynchronous and anomalous divisions could be still seen in the embryos incubated with the lower AgNPs amount, whereas with the two other amounts, embryos were already in degeneration ( Figure 9 ). The percentage of the modified embryos during 72 h of development in relation to the AgNPs amount is reported in Figure 10 .
CNPs embryotoxicity on sea urchin P. lividus
The lifting of the FM in the presence of CNPs, independent of amount, was delayed from 10 min to 30 min. Starting from this time, i.e., 30 min after fertilization, the trend was inverted: at 2 h after fertilization, all the control embryos were formed by two regular blastomeres, while the embryos treated with all the different amounts of CNPs already reached this stage at 1 h after fertilization ( Figure 11 ). Indeed, an accelerated development was observed thereafter. In fact, at 4 h after fertilization symmetric divisions produced symmetric embryos with 4 equal blastomeres, while, at the same time, embryos developed in presence of CNPs had many blastomers. Symmetry of cleavages was CNPs amount dependent: 2.5×10 13 CNPs/500 cm 3 of MFSW produced symmetrical divisions, while 0.5 and 25× 10 13 CNPs/500 cm 3 of MFSW only asymmetrical cleavages ( Figure 11 ). The control embryos reached the stage of ciliated blastula 18 h after fertilization, the stage of epigastrula 24 h after fertilization, and the stage of a normal pluteus larva 72 h after fertilization (Figure 11 ). The presence of CNPs accelerated the development up to 24 h with consequent formation of modified embryos (Figure 12 ). 24 h of development in the presence of 0.5 and 2.5×10 13 CNPs/500 cm 3 of MFSW led to highly modified embryos, that were observed as degenerated gastrulae 48 h after fertilization (Figure 11) . Surprisingly, the presence of 25×10 13 CNPs/500 cm 3 of MFSW was not lethal for the embryos that developed up to pluteus larva earlier than control: at 48 h after fertilization all the embryos were at the pluteus stage ( Figure 11 ). Half of them were normal and half showed asymmetric arms. 80% of plutei were abnormal at 72 h after fertilization. The percentage of the modified embryos during 72 h of development in relation to the CNPs amount is reported in Figure 12 .
Discussion
P. lividus sea urchin embryos exposed to AgNPs and CNPs showed dose dependent development defects. The adverse effects of AgNPs and CNPs in aquatic species strongly suggest that the release of NPs into the aquatic environment should be restricted to ensure well-being of aquatic species and, consequently, of human health.
The embryotoxicity test performed on sea urchin P. lividus, from fertilization to the larva stage, revealed that both AgNPs and CNPs were embryotoxic, but with significant differences. Thus, it should be hypothesized that the chemical nature of the NPs plays a fundamental role in the biological effects evoked. Indeed, since green chemistry was used to synthetize NPs, the observed effects can be entirely attributed to the NPs and not to the presence of other introduced molecules during the synthesis procedure. Moreover, since the size of AgNPs and CNPs was very stable during the entire experimental time and since NPs do not aggregate in MFSW within the duration of the experiment, particle size-dependent effects on the embryos can be also excluded.
Embryotoxicity of AgNPs was higher than embryotoxicity of CNPs. However, the AgNPs toxic effects cannot be ascribed to the twinning defects shown by the AgNPs, in agreement to other works [15, 23] or correlated with the release of Ag + ions since their release was prevented by the glucose capping [24] . The stability of AgNPs, capped with glucose is very efficient and thus their use for testing the toxicity of the AgNPs on aquatic animals is more suitable than other methods of NPs preparation, like for example citrate-stabilized AgNPs. In fact, it has been reported that citrate-stabilized AgNPs are unstable in the presence of salts and slowly dissolve into Ag + ions over several days [24, 25] . It is likely that AgNPs increase production of intracellular ROS [26] that in turn damage embryo cells leading them to die.
On the other hand, our data regarding the dose dependent toxicity of AgNPs, are in agreement with those of Siller et al. [15] in which the animals showed significant defects and, at the highest concentration of AgNPs, they were unable to reach the blastula stage. In the same paper of Siller et al. [15] the release of Ag + ions was so limited that the effects could not be ascribed to the ions. The effects of the bulk are negligible in relation to the effects exerted by the NPs and are measurable at longer time, much more long that the duration of our experiment (72 h) [27] . However, P. lividus embryos seemed to be much more resistant than oyster embryos, that underwent dramatic defects at low concentration of AgNPs [28] .
In our experimental model, the CNPs did not bring about rapid death of the organism as reported for the AgNPs. However, they interact with development mechanisms impairing a correct development. We have recently reported that CNPs are ingested by P. lividus sea urchin pluteus, and induce a defense response by the animals [29] . It is worth noting that agglomerates of CNPs were seen in the gut of the larvae, this could suggest that the embryo triggers a defence by ingesting the CNPs. Surprisingly, the development defects observed with the CNPs were not directly related to NPs amount: the higher doses had less effect than lower ones. These data suggest a complex mechanism of interaction between sea urchin and CNPs, that needs to be further investigated. Modifications of the embryos during the entire development period under consideration, are mainly related to phenomenological changes (abundant presence of abnormal embryos) and to the rate of development (accelerated progression through development stages) [29] . Moreover, we demonstrated that the first type of defect is likely due to interference with biomineralization process, as suggested by alteration of cyclophilin gene (Sp-CyP-1), the well-known gene controlling skeletogenesis in several animals. In fact, we hypothesize that morphological alteration of pluteus larvae relies on modified genetic regulation of biomineralization processes dependent on Sp-CyP-1, firstly activated to elaborate a strategy for self-defense against CNPs presence. Moreover, the Sp-CyP-1-induced overexpression coincides with an increased number of biomineralization sites, marked by calcein accumulation, in sea urchin, causing abnormal P. lividus embryos [29] . The interference with the rate of mitotic division could suggest a regulation of the development genes.
In conclusion, the data here presented indicate that NPs have the potential to cause toxicity to aquatic animal embryos in a concentration-dependent manner. The negative effects on the embryos developments seem to be more evident and faster in presence of AgNPs. In fact, they exhibited abnormal morphologies and an altered development rate compared to control, thus confirming the need that special attention should be given to the promotion of all applications involving NPs.
Materials and methods
Synthesis of AgNPs
Silver nitrate (AgNO 3 99%, CAS Number 7761-88-8) and β-D-Glucose (97%, CAS Number 492-61-5) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received. Deionized ultra-filtered 18.2 MΩ water prepared with a Milli-Q Integral Water Purification System (Merck Millipore Headquarters) was used for all experiments. All glassware was washed in ultrasonic bath of deionized water and not ionic detergent, followed by thorough rinsing with Milli-Q water and ethanol (Carlo Erba, Milan, Italy) to completely remove not ionic detergent contaminants. Finally glassware was dried prior to use.
2 mL of a 10 -2 M aqueous solution of AgNO 3 was added to 100 mL of 0.3 M β-D-glucose water solution. The mixture was boiled for 30 min under vigorous stirring. Yellow colour of the solutions indicated the formation of AgNPs.
The average and distribution size, morphology and internal crystalline structure of the NPs have been studied by high resolution TEM and UV-visible spectroscopic techniques.
The stability of different AgNPs concentrations was assayed in MFSW (1227 mOsm) as well as stability of the highest concentration of AgNPs in MFSW up to 10 days.
Synthesis of CNPs
High purity graphite rod (99.99%, SPI Supplies Division Structure Probe Inc., West Chester, PA, USA) was used as an anode (5 mm diameter), and a stainless steel rod AISI 1016, 5 mm diameter (Swagelok, Solon, OH, USA), was used as a cathode. The electrodes were immersed in a beaker containing Milli-Q water at a distance of 10 mm. A constant voltage of 30 V was applied during the electrolysis process. Simultaneously, the colloidal solution was forcedly dispersed by an ultrasonicator (1000 W power output; 100 ± 5 kHz frequency) (Flexonic-1200-35/72/ 100G, Mirae Ultrasonic Tech., Korea) to prevent the aggregation of NPs. The synthesizing reaction took 2.5 h, when the colour of solution changed from grey to black. 20 mL of NPs solution was diluted with 30 mL of distilled water. The average size, size distribution, morphology of NPs were studied by high resolution TEM and UV-visible spectroscopic techniques.
The stability of different CNPs concentrations was assayed in MFSW (1227 mOsm) as well as stability in MFSW up to 10 days.
Physical analyses of NPs
UV-visible spectra were recorded in the range between 200 and 800 nm by using a T80 spectrophotometer (PG Instruments Ltd, Wibtoft, UK). Optical spectra were obtained from the prepared solution by measuring the absorption of the solution in a quartz cuvette with a 1 cm optical path. The optical properties were monitored for a period of 20 days to test the solution stability. TEM observations were performed by an Hitachi 7700, at 100 kV (Hitachi High Technologies America Inc., Dallas, TX, USA). The specimens were prepared for TEM observations by placing small droplets of NPs solutions onto standard carbon supported 600-mesh copper grid and drying slowly in air naturally. To determine the NPs distribution sizes, 50 fields of 150×100 nm randomly chosen were analysed by using the Image Pro-Plus software (Media Cybernetics Inc., Rockville, MD, USA). For the evaluation of NPs sizes and distribution, we also performed the analysis of the absorbance spectra by using the Mie's modified model described in Manno et al. [30] .
Raman scattering measurements were obtained in the backscattering geometry with a Renishaw InVia (Renishaw plc, Gloucestershire, UK) spectrometer coupled to a DM Leica metallographic Light Microscope (LM) (Leica Microsystems, Wetzlar, Germany). An argon-ion laser operated at a wavelength of 514.5 nm and a 10 mW incident power to avoid thermal effects provided the excitation. The Raman shifts were corrected by using silicon (111) reference spectra after each measurement. To analyze the data, we decomposed the measured spectra using a multiple-peak fitting procedure. Satisfactory fits were achieved with the assumption of a Lorentzian central peak and the other peaks described by the spectral response functions of damped harmonic oscillators.
Evaluation of gametes quality and sea urchin development
Adult P. lividus sea urchins were collected along the coast of Salento (south-eastern extremity of the Apulia region of Italy). Animals were induced to shed gametes by intracoelomic injection of 0.5 M KCl (Sigma-Aldrich, CAS Number 7447-40-7). To ensure optimal condition of fertilization male and female gametes quality was estimated. For each experiment, six individual females were selected for the egg quality and quantity. Eggs were used for fertilization only when the percentage of immature oocytes released from the gonads was < 10%, when no debris and no fertilized eggs were present. Males were selected for sperm motility (checked under the microscope) and for quantity. Fertilization was done by adding to the eggs the sperm at a rate of 1:10000 in MFSW (1227 mOsm). The lifting of the FM was monitored by using the Eclipse TS100 inverted LM (Nikon, Kawasaki, Kanagawa Prefecture, Japan). The time of the synchronous onset FM in almost 100% of eggs was recorded. Zygotes were reared at 16-18°C in 500 cm 3 of MFSW and the development was monitored at determined time intervals (10 and 30 min, 1, 2, 4, 6, 18, 24 , 48 h) up to 72 h after fertilization under stereomicroscope. NPs were added in 500 cm 3 of MFSW (AgNPs: 0.3, 1.5 and 15×10
13
; CNPs: 0.5, 2.5 and 25×10 13 during fertilization and the development in the presence of NPs was monitored for the analysis of defects at the above listed interval times. No addition of NPs was considered as control.
